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Because it can be effective, rapid, and inexpensive, possibly more 
nondestructive evaluation is performed on magnetic steels by magnetic 
particle inspection (MPI) than by any other method. In industrial use 
for over fifty years, it has long been considered a mature technology. 
However, a nurober of questions remain on how to obtain reproducible, 
quantitative results when using MPI. It is possible to make the met hod 
too sensitive , in which case an obscuring background forms, or not 
sensitive enough, i n which case important defects are missed. The 
primary factors that must be controlled t o obtain reproducible and 
predictable MPI are: 1) magnetization level, 2) concentration, magnetic 
properties, and shapes of the particles used, 3) method of particle 
application, and 4) method of illumination and interpretation of the 
indications . A nurober of these factors has recently been addressed by 
Skeie and Hagemaier1 . We briefly mention some of these here and discuss 
in some detail the nature of the magnetic leakage field and how it 
affects MPI, and outline a procedure by which the field level required to 
pr oduce indications for a given de fect may be esti mated. 
Magnetic particle inspection can be made extremely sensitive. For 
example, Bitter patterns which show the location of domain walls on 
polished surfaces of magnets, and the observation2 of single quanta f lux 
vortices in superconductors using finely divi ded ni ckel particles 
depos i ted from a vapor, are examples of the h i gh sensitivity possible 
wi t h magnetic particle techniques. On most industrial parts being tested 
for defects, such sensitive technique s would form a background which 
would mask the defects being sought. Thus, in magnetic particle 
inspection, the problern is not one of making the technique sensitive, but 
one of adjusting the sensitivity into the cor rect r ange. 
It has sometimes been believed by MPI practitioners t hat t he optimum 
magnetization for the MPI of a given material occurs at t he point of 
maximum permeability on the magnetiza tion curve. In fact, the leakage 
field from most defects is only weakly affected by the material 
pe rmeability (provided that the r e lative permeabili t y is ! a rger than 
about 10). Demagnetizing fields are generally !arge in the vicinity of a 
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defect and the leakage field magnitude will continue to increase as H is 
increased even after the bulk of the material has been driven into 
saturation. However, too !arge a field makes the method too sensitive 
and "background" indications form due to surface roughness, material 
inhomogeneity, the attraction of particles to their dipole images, and 
extraneous (or "blas") leakage fields due to part geometry. Thus the 
optimum applied field is generally the largest field which does not give 
a background that interferes with indications from "real" defects. 
Because of this, the measurement of the tangential component of the 
magnetic field at the surface of the part being tested is a very useful 
tool for determining proper applied field strength levels. 
LIGHTING 
Most magnetic particle inspection is performed using direct visual 
observation of the indications that are formed. Therefore lighting which 
maximizes the cantrast of the indication to the eye is essential. Due 
consideration must also be given to personnel safety and to the 
variability in visual characteristics between individuals. This issue 
has been discussed in some detail by Holden et. al3 for fluorescent dye 
penetrant inspection and their conclusions should also be valid when 
using fluorescent magnetic particles. Significant increases in the 
visible brightness of fluorescent dyes.can be achieved for increases in 
UV intensity up to about 4 mW/cm2 • Because reflected UV incident on the 
eye can cause lens fluorescence which reduces contrast, the use of eye 
wear which filters the UV has been recommended. In addition, there are 
safety concerns when the UV intensity incident on the eye or exposed skin 
exceeds 1 mW/cm2 . For magnetic particle inspection, current consensus, 
as reflected4 , for example, in MIL-STD-1949, appears to be that a 
minimum intensity of 1 mW/cm2 of UV incident on the surface being 
inspected, with a background of visible light intensity less than 20 lux 
(2 foot-candles) should be used. 
For the case when non-fluorescent particles are being used, a 
minimum visible light intensity of 1000 lux (100 foot-candles) is 
specified4 . Particles are available in various colors (e.g. black, 
yellow, red, grey) to enhance cantrast with various surface finishes. 
Obviously, the glare and eye discomfort that results from too high a 
light intensity must be avoided. 
It is thus clear that, although there are some specifications and 
guidelines, when it comes to proper lighting a great deal must be left to 
the judgement of individual inspectors. There are simply too many 
different cases to be covered by a single general standard. For this, 
and for other reasons discussed below, the best way to assure that 
defects are actually being detected by magnetic particle inspection is to 
develop an inspection procedure for a part based on general guidelines 
and experience with identical or similar parts containing defects of the 
critical size in areas where they must be found. 
FORMATION OF A MAGNETIC PARTICLE INDICATION 
The formation of a magnetic particle indication is a complex 
phenomenon. Forces which act on magnetic particles of the size used in 
MPI include: 1) gravitational forces, 2) viscous forces, 3) leakage field 
forces, 4) bias field forces, 5) mechanical surface forces, 6) surface 
tension, 7) image forces, and 8) particle-particle interaction forces. 
Viscous forces are due to the motion of the medium in which the particle 
is suspended. In air these forces are significant for particles with a 
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diameter on the order of 10 ~m or less. By image forces is meant the 
attraction of a magnetized particle to the magnetic dipole image formed 
in a magnetic material. This force, as well as those due to surface 
roughness and surface tension, becomes more significant as the particle 
size decreases and the applied field increases. Particles are attracted 
to a leakage field but, as will be discussed below, this attraction is 
only significant when the particle is very close to the defect. "Bias" 
field forces are present because the overall magnetization of a part, 
especially a complex part, is seldom uniform and field gradients not due 
to defects are present. Particle-particle interaction forces are 
important because a visible indication consists of particles chained 
together . 
NATURE OF THE DEFECT FIELD 
The method of magnetizing the part to be tested, and the level of 
magnetization to be used, are always major problems faced when developing 
a magnetic particle inspection procedure for a given part. It is 
therefore of interest to understand the nature of the leakage field from 
a defect, and the role of this and other fields on the indication 
formation process. The "leakage" or "stray" field in the vicinity of a 
defect in a magnetic material can be considered as a superposition of 
dipole fields. In many cases the leakage field can be well approximated 
by a single dipole. We therefore discuss some properties of a dipole 
field and the force it produces on magnetic particles. 
Consider, for example, the defect shown in Figure 1. This is a 
cylindrically shaped defect with radius a and axis located a distance h 
below, and parallel to, a sample with a plane surface and a permeability 
~. The free space above the surface has the permeability ~o and the 
defect is essentially a void, also with permeability ~o· The x and y 
axes and the radial coordinates are as illustrated. As discussed 
previously5 , the magnette field above the surface can be well 
approximated by the field from a single magnetic dipole, m, located at 
the center of the cylinder and directed oppositely to the applied field, 
H0 , as illustrated in Figure 1 . (This figure also describes the polar 
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Fig. 1. Schematic drawing of a cylindrical defect of radius a centered 
at a depth h below t he surface of a material with a magnetic 
permeability ~· The polar and Cartesian coordinates used in the 
text are as shown. 
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and x,y Coordinatestobe used below.) If ~/~0 , where ~ is the 
permeability of the material, is greater than about 10 (which is the case 
for most ferritic steels), the magnitude of m is given by 
(1) 
This applies for the case of a linear magnetic material and is a good 
approximation for a steel along its initial magnetization curve. The 
effect of nonlinearities will be discussed below. The magnetic field 
above the surface due to this dipole, which is the "leakage" field, is 
given in polar coordinates by 
-mCos(9)/r2 (2) 
-mSin(9)/r2 (3) 
The x and y components of this field at the surface, for the case of a 
1.78 mm diameter cylindrical defect centered 5.34 mm below the surface 
with an applied field of 43 Oe, is illustrated in Figure 2a. This has 
the familiar shape of a dipole field. Most measured leakage fields have 
a quite similar, albeit distorted, shape. 
FIELD REQUIRED FOR DEFECT DETECTION 
More important than the leakage field values themselves are the 
forces they produce on magnetic particles. A magnetic particle can be 
considered as a ~mall dipole. ,The energy, U, of a dipole, p, in a 
magnetic field, H, is given by 
u (4) 
The force on the dipole is the negative gradient of this energy. 
However, the calculation of the force is not Straightforward since it 
depends on the assumptions made concerning the behavior of p. If we 
assume that p is aligned with the field H0 , then the force would be 
given, in polar coordinates, by " 
2~0 pmCos(29)/r3 (5) 
F9 2~0 pmSin(29)/r3 (6) 
It is difficult to know the appropriate p to apply to these equations, 
and to know what forces are required in order to produce a visible 
indication. Some insight can be gained by using a heuristic approach 
which normalizes Fr to unity for 9=0 under conditions when it is known 
that indications will form. We will use for these conditions the so-
called Betz testring (see, e.g.refs. 1,4 or 5 ). This ring is used (per 
MIL-STD-1949 4 ) in an acceptance test for magnetic particles and, 
according to this test, hole no. 3 must be detected for a central 
conductor current of 1400 Amps. This is equivalent to having H0 = 43 Oe, 
a = 0.89 mm, and h = 5.34 mm in Figure 1. In addition it can be noted 
that the particles, when captured by the leakage field, will be in the 
form of linear chains. This chaining occurs because the particles can 
reduce their demagnetizing fields, and hence the total magnetic free 
energy, by forming chains. The maximum length of such chains that can be 
captured by the leakage field is roughly equal to the width of the field 
at the surface which, for the case of the cylindrical defects, is roughly 
equal to their depth below the surface. These considerations give a 
normalized force (for the case of cylindrical defects) of 
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Fig. 2(a). X and Y component of the calculated leakage fields for a 
cylindrical defect 1 . 78 mm in diameter centered a distance 
5.34 mm below the surface with an applied field of 43 Oe. 
The hole dimensions and applied field are those corresponding 
to hole number 3 in a Betz test ring with a central conductor 
current of 1400 amperes. 
(b) . Force on magnetic particles due to the leakage field shown in 
Fig.2(a). The force has been calculated and normalized as 
described in the text. 
Fnr =0.4hmCos(29)/r3 (7) 
Fne = 0 . 4hmSin(29)/r3 (8) 
where the units are mm for h, mm for r, and Oe•mm2 form. The x and y 
components of the normalized force field at the surface are plotted in 
Figure 2b for the above parameters. 
Figure 3 shows the fields and normalized forces appropriate for a 
1 mm diameter cylindrical defect centered 1 mm below the surface for an 
applied field of 30 Oe. According to the criterion that the normalized 
force at x=O must be greater than one, and since m is proportional to H0 , 
this defect should be detectable at fields down to about 5 Oe. Indeed , 
very small defects which are close to the surface are readily detectable 
at low fields, providing only that the leakage field width is large 
compared to the particle diameter. Often it is undesirable to detect 
very small defects, which could be precipitates or inhomogeneitles 
inherent in the part material, because the indications formed can be very 
numerous and can produce a generalized background which makes the 
indications from "real" defects hard to see. 
The above detection criterion is in need of many refinements and can 
be considered no more than an order of magnitude estimate. However , as 
an example of its use, consider the artificial defect shown in Figure 4. 
This is a line defect 0.15 mm wide by 0.015 mm deep etched in a piece of 
iron shim 0.1 mm thick and has recently been proposed by Skeie1 as a 
paste on defect for quality control in MPI . If we approximate the 
magnetic dipole, m, of this defect to be H0 wd, where w is its width and d 
its depth, then the y component of the normalized forces calculated for 
applied fields of 4 and 10 Oe are shown in Figure 5. For an applied 
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field of 10 Oe the normalized force is greater than one and for an 
applied field of 4 Oe it is less than one, thus the defect should be 
detectable at 10 Oe and not at 4 Oe. Preliminary results using the wet 
particle method and direct current magnetization indicate that this is 
indeed the case for this defect. 
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Fig.3(a). Leakage field calculated for 1 mm diameter cylindrical defect 
centered 1 mm below the surface. 
(b). 
Fig. 4. 
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Normalized force on magnetic partielas for the leakage field 
of Figure 3(a). 
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Possible artificial defect configuration as proposed by 
K. Skeie for a quality control tool in MPI. 
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Y component of the normalized force on magnetic particles 
calculated for the artificial defect of Figure 4. The force 
is shown as calculated for applied fields of 4 and 10 Oe. 
EFFECT OF NONLINEARITY 
The above discussion has considered only a linear magnetic medium. 
The effect of the nonlinearity in the magnetic properties of steel (as 
evidenced by the hysteresis loop) must be considered. As shown 
previously5 • 6 , the effect of the nonlinearity exhibited by most steels is 
to produce a field well approximated by a dipole of the value given in 
Eq. 1, but with an apparent depth which is somewhat less than the actual 
depth. It is also of interest to note that m increases in accord with 
Eq. 1 for values of H0 well beyond that required to saturate the bulk of 
the material. This can be thought of as due to the fact that the H field 
near the defect is considerably less than the applied field H0 because of 
the large demagnetizing field due to the induced dipole m. Further, 
unless the magnetic history of the part under test can be assured, an 
applied field H0 larger than the coercive force of the material being 
tested should always be used. Note also that the normal demagnetization 
process used on a sample will not necessarily demagnetize the material in 
the immediate vicinity of a defect. 
CONCLUSION 
A procedure has been outlined which enables one to estimate the 
minimum field required to form indications at defects of a given size 
using MPI. This was developed for a particularly simple geometry and for 
a DC field . However, it could be readily extended to apply to other 
cases. The pertinent field for the formation of indications is the 
component of the field which is parallel to the part surface and 
perpendicular to axis of the defect. This field can be readily measured 
using a small Hall probe at any location on a part where defects must be 
detected. It must, of course, always be borne in mind that the formation 
of an indication does not insure that the indication will be observed. 
The effects of background formation, proper lighting, size and location 
of the indication, as well as many other factors must be considered. 
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Further, in order to reduce the burden on an inspector, hence allowing 
greater concentration on defect observation, it would be a great 
advantage to automate to the greatest extent possible. In many 
applications, for example, the timing of current and particle application 
could be automatic. In any case, the many advantages of MPI for ferritic 
steel parts, combined with recent improvements in equipment and 
procedures, can be expected to increase its usefulness as an NDE tool. 
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